ABSTRACT Good transparency performance (e.g., position tracking and force feedback) is an important issue in the control design of teleoperation systems. The four-channel architecture has advantages in the achievement of good transparency performance for teleoperation systems. However, most of the existing four-channel architectures are used in the linear teleoperation system, which cannot be well applied to execute tasks in the increasingly complicated operation environments. Thus, designing the four-channel architecture to achieve good transparency performance for nonlinear teleoperation systems with uncertainties is still a challenging issue. In this paper, the disturbance-observer-based sliding mode control design with a novel four-channel architecture is developed for the nonlinear bilateral teleoperation system to achieve a good transparency performance in the consideration of uncertainties and external disturbance, where the operating torque, master position, slave position, and the environment torque signals are transmitted through the communication channel. The reference tracking planner is designed in both the master and slave sides to produce the passive reference trajectories, and the disturbance-observer-based sliding mode controller is subsequently designed for the master and slave robots to achieve the good position tracking performance. The good force feedback performance can be achieved by the proper selection of plan parameters in the master reference tracking planner. Thus, the good transparency performance with both position tracking and force feedback can be achieved for the nonlinear bilateral teleoperation system with this novel four-channel architecture. The comparative simulation and experiment are implemented, and the results demonstrate good transparency performance achievement with the proposed control design.
I. INTRODUCTION
Task operations in the remote, hazardous or extreme environments bring huge challenges for modern industry, such as undersea exploration, medical surgery, space operation, drilling, and so on [1] - [4] . With the advancement of automation, mechatronic systems and robotics [5] - [13] , the bilateral teleoperation comes into being and is regarded as an efficient
The associate editor coordinating the review of this manuscript and approving it for publication was Okyay Kaynak. and secure interim method to overcome these difficulties [14] . A typical bilateral teleopeation system is shown in Fig.1 , which includes the human operator, master robot, communication channel, slave robot, and the environment. With the human guidance, the master robot sends the command signals to the slave robot via the communication channel, and the slave robot executes the tasks in the remote environment with the received signals and transmits the remote information back to the human operator [15] . Thus, not only the tasks can be completed in remote operating environments, but also the security of the operations is greatly improved since the human operation is separated from the whole operational process [16] .
Good transparency performance (e.g., position tracking, force feedback) is an important issue in the control design of teleoperation systems, which requires the slave robot to imitate actions of master robot and transmit accurate information to the human operator [17] . The four-channel architecture is first proposed in [18] and designed for bilateral teleoperation system to achieve the good transparency performance by the ideal transparency conditions. This architecture combines the velocity and force signals in both directions to be transmitted between the master and slave robots, and matches the impedance of master and slave robots by the diverse selections of multi-parameters.
Many approaches have been tried to further improve the transparency performance for bilateral teleoperation systems with four-channel architectures. Namely, K. Hashtrudi-Zaad et al. design the local force feedback parameters in the four-channel architecture, and revise the ideal transparency conditions to optimize different parameters for the different teleoperation purposes [19] . Willaert et al. [20] and Kim et al. [21] analyze the control parameters in the fourchannel architecture, and give the explanation on how to choose these parameters to achieve good transparency performance in different operation environments. Aziminejad et al. design a wave-variable-based four-channel architecture to enhance the stability of teleoperation system when executing the tasks while the good transparency performance is still guaranteed [22] . B. Yalcin et al. design the disturbance and reference observers in the four-channel architecture to make the real-time observation of the velocity and force signals in both the master and slave sides, which enhance the transparency performance of the system [23] . J. Rebelo et al. combine the four-channel architecture with the timedomain passivity control approach, which is used to detect the energy consumption of the system, but the good transparency performance can be achieved only in limited operation environments [24] . Other modified four-channel architectures [25] - [28] are also developed to achieve the good transparency performance of bilateral teleoperation systems.
However, the above-mentioned four-channel architectures are designed for linear bilateral teleoperation system, which cannot be well applied in the increasingly complicated operation environments, where the nonlinear robots with multiple degrees of freedom are used to execute the teleoperation tasks [29] . The nonlinearities and uncertainties of the master and slave robots are the significant topics in the control design of nonlinear bilateral teleoperation systems with four-channel architecture, and have been studied for decades [30] , [31] . Many advanced control approaches in the mechatronic systems can be used for the bilateral teleoperation systems to deal with nonlinearities and uncertainties, such as the adaptive control [32] , sliding mode control [33] , [34] , and neural network control [35] , [36] , the consensus control techniques [43] , etc. Moreover, the nonlinear disturbance observer [37] - [41] and the distributed tracking control scheme [42] , [43] are the effective approaches to deal with uncertainties, and have been applied in the control design of nonlinear systems to compensate the uncertainties and external disturbance.
Though many approaches have been tried to handle the nonlinearities and uncertainties in the control design of bilateral teleoperation systems, there are currently few applications of four-channel architecture for the nonlinear teleoperation systems with uncertainties, and designing the four-channel architecture to achieve good transparency performance for nonlinear bilateral teleoperation systems with uncertainties is still a challenging issue [44] . Thus, focus on the realization of four-channel architecture for nonlinear bilateral teleoperation systems with uncertainties to achieve good transparency performance, a disturbanceobserver-based sliding mode control design with a novel four-channel architecture is developed in this paper in the consideration of uncertainties and external disturbance. To produce the passive reference trajectories, the reference tracking planner is designed in both the master and slave sides, and the disturbance-observer-based sliding mode controller is subsequently designed separately for the master and slave robots to achieve the good position tracking performance, where the disturbance observer in the controller is to observe and compensate the uncertainties and external disturbance of the system. The good force feedback performance can be achieved by the proper selection of plan parameters in the master reference tracking planner. Thus, the good transparency performance with both position tracking and force feedback can be achieved for the nonlinear bilateral teleoperation system with this novel four-channel architecture. The comparative simulation and experiment are implemented, and the results demonstrate the good transparency performance achievement with the proposed control design.
The rest of this paper is organized as follows. Section II introduces the linear bilateral teleoperation system with traditional four-channel architecture. Section III introduces the novel four-channel architecture for nonlinear bilateral teleoperation system, presents the nonlinear bilateral teleoperation system modeling, and the disturbance-observer-based sliding mode control design. Section IV and V implement the simulation and experiment, and the comparative results demonstrate the effectiveness and superiority of our design. Section VI concludes the whole work in this paper. 
II. TRADITIONAL FOUR-CHANNEL ARCHITECTURE FOR LINEAR BILATERAL TELEOPERATION SYSTEM
The traditional four-channel architecture is developed for linear bilateral teleoperation systems by Hashtrudi-Zaad and Salcudean [19] , where the master and slave robots interact with the operator and environment, and exchange the position and force commands via the communication channel. The dynamics is modeled in the linear form by the impedance Z h , Z e , C m , C s , Z m and Z s , as shown in Fig.2 . The control parameters C 1 to C 4 and the local force feedback parameters C 5 and C 6 are designed, and the ideal transparency conditions are derived to further achieve the good transparency performance.
However, the above-mentioned four-channel architecture can only be used for linear bilateral teleoperation systems without the consideration of nonlinearities, uncertainties and external disturbance, which has the poor transparency performance for nonlinear bilateral teleoperation systems containing the nonlinear robots with multiple degrees of freedom, and cannot be properly applied to execute tasks in the increasingly complicated operation environments.
III. CONTROL DESIGN FOR NONLINEAR BILATERAL TELEOPERATION SYSTEM WITH FOUR-CHANNEL ARCHITECTURE

A. NOVEL FOUR-CHANNEL ARCHITECTURE
A novel four-channel architecture for nonlinear bilateral teleoperation system is shown in Fig.3 , where the traditional fourchannel architecture for the linear system is extended to the nonlinear system in the consideration of uncertainties and external disturbance.
The master and slave robots interact with each other, where the operating torque signal τ h , master position signal θ m , slave position signal θ s , and the environment torque signal τ e are transmitted through the communication channel. To produce the passive reference trajectories, the reference tracking planner is designed in both the master and slave sides, and the disturbance-observer-based sliding mode controller is subsequently designed for the master and slave robots to achieve the good position tracking performance for nonlinear bilateral teleoperation system, where the disturbance observer is designed to observe and compensate the uncertainties and external disturbance of the system. Moreover, the good force feedback performance can be achieved with the master reference tracking planner by the proper selection of plan parameters. Thus, the good transparency performance with both position tracking and force feedback can be achieved for the nonlinear bilateral teleoperation system with this novel fourchannel architecture.
B. NONLINEAR BILATERAL TELEOPERATION SYSTEM MODELING
The nonlinear master and slave robots in Fig.3 can be modeled as: (2) where θ m ,θ m ,θ m ∈ R w and θ s ,θ s ,θ s ∈ R w are the master/slave robots' displacement, velocity and acceleration signals. M m , M s ∈ R w×w are the mass inertia matrices, C m , C s ∈ R w×w are the coriolis/centrifugal matrices, G m , G s ∈ R w are the gravitational matrices, D m , D s ∈ R w are the external disturbances. u m , u s ∈ R w are the control inputs. w is the degree of freedom of master and slave robots. τ h ∈ R w is the operating torque in the master side. τ e ∈ R w is the environmental torque in the slave side, which is assumed to be modeled in the form of mass-spring-damper system [47] in this paper as:
where M e , C e , G e are the positive environment parameters. The mass inertia matrices M m , M s , coriolis/centrifugal matrices C m , C s and gravitational matrices G m , G s are the unknown but bounded matrices of master and slave robots, which can be divided into two parts [46] as:
where M m0 , C m0 , G m0 and M s0 , C s0 , G s0 are the known parts, M m , C m , G m and M s , C s , G s are the unknown parts. Thus, (1) and (2) can be derived as:
where
, which include the modeling uncertainties and external disturbances of the master and slave robots.
Some properties and assumptions [46] of (6) and (7) can be defined as: Assumption 2 : The norm ofṀ m0 andṀ s0 are bounded with the upper bound as:
Assumption 3 : The operating torque τ h in the master side and environmental torque τ e in the slave side are passive and bounded.
C. CONTROL DESIGN FOR MASTER ROBOT
As shown in Fig.3 , a master reference tracking planner is designed for master robot as:
where avrg{•} is the average of •, k fm is the scaling parameter [27] , M dm , C dm , G dm are the plan parameters. (9) is a lowpass filter to produce θ mr ,θ mr ,θ mr with the input of θ s , and the passive reference trajectory θ md ,θ md ,θ md can be derived via (10) and (11) with the proper choice of the plan parameters. In addition, (11) can also provide the human operator with the force feedback, which can improve the transparency performance of the system. Thus, based on the passive reference trajectory θ md ,θ md , θ md produced by the master reference tracking planner, a disturbance-observer-based sliding mode controller is designed for the nonlinear master robot to greatly track θ md , where the detailed design is in the following.
Define the sliding surface s m as:
Then the derivative of s m can be calculated as:
Thus, the control law u m for the master robot can be designed as: (14) where
is a saturation function to avoid the chattering phenomenon in the traditional sliding mode control design with sign(•), and is designed as:
β is the positive boundary layer.d m is the nonlinear disturbance observer to observe the modeling uncertainties and external disturbance of the master robot, which can be designed as:
H m is the invertible matrix, which can be calculated by the Linear Matrix Inequality(LMI).
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Thus, one theorem to guarantee the stability of nonlinear disturbance observerd m can be obtained as:
Theorem 1 : By calculating the invertible matrix H m to satisfy the inequality (26), the nonlinear disturbance observer (16) designed in the master controller (14) is asymptotically stable, and the observation errord m → 0 as t → ∞.
Proof : Define the derivative of N m (θ m ) as:
Asd m = d m −d m is the observation error of d m , the derivative ofd m can be calculated as:
Thus, based on the Assumption 1, the observation error function can be derived as:
Then,
Define the Lyapunov Function V m0 as:
where M m0 = M T m0 are positive definite matrices. Then the derivative of V m0 can be calculated as:
In order to satisfyV m0 ≤ −d T m γ mdm , the following inequality is constructed as:
where γ m is the positive definite matrix. The LMI approach [45] is used to calculate the H m satisfying (26) , where the detailed calculation is in the following.
Define Q m = H −1 m , then (26) can be derived as:
With regard to Assumption 2,Ṁ m0 ≤ ξ m I , then
The schur complement, which can be defined as: If C is the positive definite matrix, A − BC −1 B T ≥ 0 is equal to A B B T C ≥ 0, then (28) can be rewritten as:
Remark 1 : There exists Q m satisfying the inequality (29), which can be calculated by LMI toolbox in Matlab. As H m = Q −1 m , the desired H m in (17) can be calculated to satisfy the inequality (26) .
Thus,
D. CONTROL DESIGN FOR SLAVE ROBOT
Similar with the master robot, a slave reference tracking planner is designed for the slave robot as:
where k fs is the scaling parameter, M ds , C ds , G ds are the plan parameters. (30) is a low-pass filter to produce θ sr ,θ sr ,θ sr with the input of θ m , and the passive reference trajectory θ sd ,θ sd ,θ sd can be derived via (31) and (32) with the proper choice of the plan parameters. Thus, a disturbance-observerbased sliding mode controller is designed for the nonlinear slave robot to greatly track θ sd , where the detailed design is in the following. Define the sliding surface s s as:
Then the derivative of s s can be calculated as:
Thus, the control law u s for the slave robot can be designed as: (35) where κ s =θ sd − λ sės , ν s = diag{ν s1 , ..., ν si , ..., ν sw }, ν si >|d s (0) | +ν si0 , ν si0 > 0. sat(s s ) is a saturation function designed as:
, β is the positive boundary layer.d s is the nonlinear disturbance observer to observe the modeling uncertainties and external disturbance of the slave robot, which can be designed as:ż
H s is the invertible matrix, which can be calculated by the Linear Matrix Inequality(LMI). Thus, one theorem to guarantee the stability of nonlinear disturbance observerd s can be obtained as:
Theorem 2 : By calculating the invertible matrix H s to satisfy the inequality (47), the nonlinear disturbance observer (37) designed in the master controller (35) is asymptotically stable, and the observation errord s → 0 as t → ∞.
Proof : Define the derivative of N s (θ s ) as:
Asd s = d s −d s is the observation error of d s , the derivative ofd s can be calculated as:
Define the Lyapunov Function V s0 as:
where M s0 = M T s0 are positive definite matrices. Then the derivative of V s0 can be calculated as: 
And the schur complement is used to rewrite (49) as:
Remark 2 : There exists Q s satisfying the inequality (50), which can be calculated by LMI toolbox in Matlab. As H s = Q −1 s , the desired H s in (38) can be calculated to satisfy the inequality (47) .
Thus,V s0 ≤ −d T s γ sds ≤ 0. As V s0 ≥ 0 andV s0 ≤ 0, d s is bounded, andd s = 0 whenV s = 0, which means the disturbance observerd s is asymptotically stable, and the observation errord s → 0 as t → ∞. The proof is complete.
E. STABILITY ANALYSIS
Consider the closed-loop nonlinear bilateral teleoperation system with four-channel architecture, which includes the human operator, master robot, master controller, slave robot, slave controller and the environment, then one theorem to guarantee the closed-loop stability of the whole system can be obtained as:
Theorem 3 : With the passive operating torque τ h and passive environmental torque τ e , by applying the master controller (14) with the nonlinear disturbance observer (16) and the slave controller (35) with the nonlinear disturbance observer (37), the closed-loop nonlinear bilateral teleoperation system with four-channel architecture is stable, and all the signals are bounded with the design of Lyapunov Function V = V m + V s + V m0 + V s0 . Moreover, if s m , s s ≤ β, the Lyapunov Function V will be bounded by
Proof : Define the Lyapunov Function V for the closed-loop bilateral teleoperation system as:
where V m = 
As the disturbance observerd m andd s are asymptotically
. Let the norm of ν m and ν s as:
s are bounded, and e m , e m , e s ,ė s are bounded, which mean the closed-loop nonlinear bilateral teleoperation system with four-channel architecture is stable when s m , s s > β.
If s m , s s ≤ β, then the derivative of V can be calculated as:
It follows that (14) and slave controller (35) , θ m → θ md and θ s → θ sd . Besides, with the design of slave reference tracking planner to let θ sd → θ m , and the design of master reference tracking planner to let θ md → θ s , then the good position tracking performance to let θ s → θ m is achieved.
Remark 5 : With the design of master reference tracking planner (11), the good force feedback performance, which can be used to receive the environmental torque τ e and obtain the θ md ,θ md ,θ md for the guidance of slave robot according to the human operator's intention, is achieved via the good impedance behavior by the good selection of plan parameters M dm , C dm , G dm .
Remark 6 : With the good position tracking performance achieved by Remark 4, and the good force feedback performance achieved by Remark 5, the good transparency performance of nonlinear bilateral teleoperation system with four-channel architecture is achieved.
IV. SIMULATION A. SIMULATION SETUP
The simulation is implemented in the Matlab/Simulink environment, and the simulation duration is 25s. In the simulation, the known part of master and slave dynamics (6) and (7) C1: The traditional PD controller without disturbance observer, which is designed as:
where In the disturbance observer (16) and ( 
B. SIMULATION RESULT
The simulation results are shown in Fig.4-5 . With the disturbance-observer-based sliding mode control design of C2, the slave robot have the improved position tracking performance when compared to C1. Moreover, as shown in the figures, the slave robot can provide more accurate force feedback for the human operator due to the good position tracking performance of the nonlinear bilateral teleoperation system with C2, and the environment torque τ e has the opposite effect on the operating torque τ h , which means the human operator can feel the force feedback between the slave robot and environment with the sense of pull and drag, and can better guide the remote operations.
V. EXPERIMENT A. EXPERIMENT SETUP
To verify the effectiveness of proposed control design in the real platform to achieve good transparency performance, two Phantom Premium haptic devices are used in the experiment to represent the master and slave robots for nonlinear bilateral teleoperation system, as shown in Fig.6 . The Joint 1 and Joint 2 of the premium haptic device are used to implement the control algorithm for demonstrating the proposed control design in the good transparency performance achievement for nonlinear bilateral teleoperation system with four-channel architecture.
The experiment with human-enforced motion references is implemented in the Matlab/Simulink environment, where the comparative controllers, external disturbances, modeling uncertainties, and the environment parameters in (3) are implemented the same with the simulation setup. The experiment duration is 25s.
B. EXPERIMENT RESULT
The experiment results of C1 are shown in Fig.7-9 . As all the signals in the figures are bounded, the nonlinear bilateral teleoperation system with C1 is stable. However, without the consideration of disturbance observer in C1, the external disturbance and modeling uncertainties of the system cannot be observed and compensated, which result in the bad transparency performance of the bilateral teleoperation system in the presence of uncertainties and nonlinearities, as shown in Fig.7 . Moreover, as shown in Fig.9 , the tracking errors with C1 are large, which means the system with C1 has the bad position tracking performance, and cannot greatly execute the operation tasks with the human-enforced motion references.
The experiment results of C2 are shown in Fig.10-14 . As all the signals in the figures are bounded, the nonlinear bilateral teleoperation system with C2 is still stable. As shown in Fig12, the disturbance observer implemented in C2 has the good performance on the observation and compensation of the external disturbance and modeling uncertainties in the nonlinear bilateral teleoperation system, where the observation errors are quite small. Thus, with the design of bounded disturbance-observer based sliding mode controller (show in Fig.11 ) and the master reference tracking planner (11), the position tracking performance (show in Fig.10 ) is greatly improved, where the tracking errors (show in Fig.13 and Fig.14) are quite small. Moreover, the environment torque τ e and operating torque τ h (show in Fig.10 ) are provided for the master reference tracking planner (11) , which provide the human operator with more accurate force feedback with the sense of pull and drag due to the good position tracking performance.
Thus, the slave robot can greatly track the master robot and provide the human operator with precise force feedback, which demonstrates the effectiveness and superiority of proposed disturbance-observer-based sliding mode control design in the good transparency performance achievement for nonlinear bilateral teleopration system with four-channel architecture.
VI. CONCLUSION
In this paper, a disturbance-observer-based sliding mode control design is developed for nonlinear bilateral teleoperation VOLUME 7, 2019 system with uncertainties, where a novel four-channel architecture is extended to match the nonlinear system and achieve the good transparency performance in the teleoperation process. The reference tracking planner is designed in both the master and slave sides to produce the passive reference trajectories, and the disturbance-observer-based sliding mode controller is subsequently designed for the master and slave robots to achieve the good position tracking performance for nonlinear bilateral teleoperation system in the consideration of external disturbances and modeling uncertainties. By the proper selection of plan parameters in the master reference tracking planner, the good force feedback performance can also be achieved to provide the human operator with actual sense of remote environments. Thus, the fourchannel architecture is greatly extended for the nonlinear bilateral teleoperation system, and the good transparency performance with both position tracking and force feedback can be achieved. The comparative simulation and experiment are implemented, and the results show the good transparency performance achievement via the proposed novel four-channel architecture for nonlinear bilateral teleoperation system with uncertainties.
This paper aims to propose a novel four-channel architecture suitable for the nonlinear bilateral teleoperation system with uncertainties to achieve good transparency performance, where the environment is considered in the form of massspring-damper system, and the rate of change of external disturbance is assumed to be low due to the hardware condition. In the future, we may consider the transmission and processing delays in the communication channel and more general environments for this four-channel architecture, and try to develop better solutions.
